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(57) ABSTRACT

Some embodiments of the invention provide a configurable
integrated circuit (IC) that has several configurable circuits
for configurably performing different operations. During the
operation of the IC, each particular configurable circuit per-
forms a particular operation that 1s specified by a particular
configuration data set for the particular configurable circuait.
While the IC operates and a first set of configurable circuits
performs a first set of operations, configuration data 1s loaded
from the outside of the IC for configuring a second set of
configurable circuits. In some embodiments, the configurable
IC 1ncludes a configuration network for rapid loading con-
figuration data 1n the IC from outside of the IC. In some of

these embodiments, the configuration network 1s a pipelined
network. Also, the IC of some embodiments includes a con-
figuration controller for retrieving configuration data from
outside of the IC, formulating configuration data sets, and
routing the configuration data sets to the second set of con-
figurable circuits over the configuration network.
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Figure 22
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END

T iphigiipF

Figure 24
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RUNTIME LOADING OF CONFIGURATION
DATA IN A CONFIGURABLE IC

CLAIM OF BENEFIT TO PRIOR APPLICATIONS

This Application 1s a continuation application of U.S.
patent application Ser. No. 14/261,886, filed Apr. 25, 2014,
now published as U.S. Publication 2014/0320165. U.S.
patent application Ser. No. 14/261,886 1s a continuation
application of U.S. patent application Ser. No. 13/281,425,
now 1ssued as U.S. Pat. No. 8,760,194, filed Oct. 25, 2011.
U.S. patent application Ser. No. 13/281,425 1s a continuation
application of U.S. patent application Ser. No. 12/754,604,
now 1ssued as U.S. Pat. No. 8,067,960, filed Apr. 5,2010. U.S.
patent application Ser. No. 12/754,604 1s a continuation
application of U.S. patent application Ser. No. 12/106,257,
now 1ssued as U.S. Pat. No. 7,696,780, filed Apr. 18, 2008.
U.S. patent application Ser. No. 12/106,25°7 1s a continuation
application of U.S. patent application Ser. No. 11/375,364,
now 1ssued as U.S. Pat. No. 7,492,186, filed Mar. 13, 2006.
U.S. patent application Ser. No. 11/375,364 claims priority to
prior filed U.S. Provisional Patent Application 60/699,463
filed on Jul. 15, 2005. U.S. patent application Ser. No. 14/261,
886, now published as U.S. Publication 2014/0320163, U.S.

Pat. No. 8,760,194, U.S. Pat. No. 8,067,960, U.S. Pat. No.

7,696,780, and U.S. Pat. No. 7,492,186 are incorporated
herein by reference.

FIELD OF THE INVENTION

The present mnvention 1s directed towards runtime loading
of configuration data in a configurable IC.

BACKGROUND OF THE INVENTION

The use of configurable integrated circuits (“IC’s”) has
dramatically increased in recent years. One example of a
configurable IC 1s a field programmable gate array (“FPGA”).
An FPGA 1s a field programmable IC that usually has con-
figurable logic and interconnect circuits that are surrounded
by mput/output (1/0) circuits.

The configurable logic circuits (also called logic blocks)
are typically arranged as an iternal array of circuits. A con-
figurable logic circuit can be configured to perform a number
of different functions. A configurable logic circuit typically
receives a set o mput data and a set of configuration data that
1s often stored close to the logic circuit. From the set of
functions that the logic circuit can perform, the configuration
data set specifies a particular function that this circuit 1s to
perform on the input data set. Such a logic circuit 1s said to be
configurable, as the configuration data set “configures” the
logic circuit to perform a particular function.

These logic circuits are connected together through numer-
ous configurable interconnect circuits (also called intercon-
nects). A configurable interconnect circuit connects a set of
input data to a set of output data based on a set of configura-
tion data that 1t recerves. The configuration bits specity how
the mterconnect circuit should connect the mput data set to
the output data set. The interconnect circuit 1s said to be
configurable, as the configuration data set “configures” the
interconnect circuit to use a particular connection scheme that
connects the input data set to the output data set in a desired
manner. In some FPGA’s, the configuration data set of a
configurable logic or interconnect set can be modified by
writing new data 1n SRAM cells that store the configuration
data set.
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Most configurable IC’s need to load configuration data in
storage cells that store such data for use by configurable logic
and/or interconnect circuits. Prior mechanisms for loading
such data are a bit slow as they provide only low bandwidth
architectures for loading configuration data. In addition, these
prior mechanisms do not provide a random access way for
loading the configuration data.

Therefore, there 1s a need 1n the art for a better mechanism
for loading configuration data in storage cells used for storing
configuration data for configurable logic and/or interconnect
circuits. There 1s also a need for a better ways to monitor and
debug operations of configurable IC’s. Ideally, the mecha-
nism for loading configuration data could also be partly used
to monitor and debug the configurable IC.

SUMMARY OF THE INVENTION

Some embodiments of the invention provide a configura-
tion/debug network for configuring and debugging a config-
urable mtegrated circuit (IC). The configurable IC 1n some
embodiments includes configurable resources (e.g., config-
urable logic resources, routing resources, memory resources,
etc.) that can be grouped 1n conceptual configurable tiles that
are arranged 1n several rows and columns. In some embodi-
ments, each configurable tile recetves a set of lines that are
part of the configuration/debug network.

Some embodiments use a packet switching technology to
route data to and from the resources 1n the configurable tiles
through the configuration/debug network. Over the lines of
the configuration/debug network, some embodiments can
route variable length data packets to each configurable tile in
a sequential or random access manner.

In some embodiments, each packet includes several
frames, with an initial set of frames 1n a packet specifying the
routing of the packet to a configurable tile. For instance, the
first two frames of a packet might respectively identily the
column and then the row of the configurable tile to be con-
figured.

Some embodiments have different types of configurable
tiles, such as one or more configurable logic tile types, one or
more configurable memory tile types, one or more config-
urable edge tiles, etc. Some of these embodiments allow tiles
to be individually addressed, globally addressed (i.e., all
addressed together), or addressed based on their tile types.
The configurable IC includes numerous user-design state
clements (“UDS elements™) in some embodiments. UDS ele-
ments are elements that store values that at any particular time
define the overall user-design state of the configurable IC at
that particular time. Examples of such elements include
latches, registers, memories, etc. The configurable IC of some
embodiments might not include all such forms of UDS ele-
ments, or might include other types of UDS elements.

In some embodiments, the configuration/debug network
connects to some or all of the UDS elements (e.g., latches,
registers, memories, etc.) of the configurable IC. In some
embodiments, the configuration/debug network has a stream-
ing mode that can direct various circuits 1n one or more
configurable tiles to stream out their data during the operation
of the configurable IC. Accordingly, in the embodiments
where the configuration/debug network connects to some or
all of the UDS elements, the configurable/debug network can
be used 1n a streaming mode to stream out data from the UDS
clements of the tiles, 1n order to identily any errors in the
operation of the IC. In other words, the streaming of the data
from the UDS elements can be used to debug the operation of
the configurable IC.
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The streaming mode 1s used 1n some embodiments to form
a logic analyzer, which may be on or off the same IC die that
includes the configurable tiles. For instance, some embodi-
ments include a trace bulfer on the same IC die as the con-
figurable tiles. This trace butfer can then be used to record the
data that 1s output form one or more tiles during the streaming
mode operation of the configurable IC. In other words, the
trace buller can be used to implement an “on-chip™ logic
analyzer 1n conjunction with the streaming mode operation of
the IC. An “off-chip” logic analyzer can also be formed by
using an olf-chip trace butler (1.e., a buifer that 1s not on the
same die as the configurable IC) while using the streaming
mode operation of the IC’s configuration/debug network.

Some embodiments also use the configuration/debug net-
work to perform checkpointing operations. Checkpointing 1s
a sub-operation of a debug operation. The checkpointing
process of some embodiments periodically stops the config-
urable IC’s operations (e.g., stops the IC’s operations every
tew million cycles). At each stoppage of the IC’s operations,
the checkpointing process uses the configuration/debug net-
work to retrieve the configurable 1C’s state at that time (e.g.,
to retrieve the value stored by each UDS element of the
configurable IC at that time). Once this process has retrieved
the configurable IC’s state, i1t causes the configurable IC to
resume 1ts operations. When an error 1s detected during the
debug operation (i.e., after a “crash™), a user or debugging
application then loads the mostly recently checkpointed IC
state (1.e., stored IC state) within the IC, and resumes the
debug operation in a more deliberate manner (e.g., slower or
under more supervision) in order to identily the cause of the
eITor.

In some embodiments, the configuration/debug network
has a broadcasting mode that can direct various resources
(e.g., memories, storage elements, etc.) 1n one or more con-
figurable tiles to store the same data. For instance, the broad-
casting mode can be used to mitialize the memory blocks 1n
the configurable memory tiles.

The configuration/debug network of some embodiments 1s
a pipelined network that can carry multiple 1nstructions and
data sets for multiple tiles concurrently. This pipelined nature
ol the network allows the network to rapidly configure the IC.
This rapid operation, 1n turn, allows the configurable IC to

re-load configuration data for a first set of configurable cir-
cuits while a second set of configurable circuits are operating

(1.e., while the IC 1s operating).

BRIEF DESCRIPTION OF THE DRAWINGS

The novel features of the invention are set forth 1n the
appended claims. However, for purpose of explanation, sev-
eral embodiments of the invention are set forth 1n the follow-
ing figures.

FIG. 1 1llustrates an example of a configurable IC that
includes numerous configurable tiles.

FIG. 2 illustrates an example of a data packet.

FIGS. 3, 4, and 5 illustrate an example of how an 1nitial set
of frames 1n a packet might specify the routing of a packet to
a configurable tile.

FIG. 6 illustrates the configurable circuit architecture of
some embodiments of the mvention.

FI1G. 7 provides one possible physical architecture of the
configurable IC illustrated in FIG. 6.

FIG. 8 illustrates two examples of configurable memory
tiles.

FI1G. 9 1llustrates a configuration/debug controller that for-
mulates configuration/debug packets that are used to specily
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the operation of the configurable tiles of a configurable IC
during configuration/debug operations.

FIG. 10 1llustrates an example of a data packet that can be
routed to one or more configurable tile sets.

FIG. 11 1llustrates examples of some opcodes that are used
in some embodiments.

FIGS. 12 and 13 1llustrate two examples of packets used to
route configuration/debug information over the configura-
tion/debug network of some embodiments.

FIG. 14 provides an overview of the configuration and
debug network of some embodiments.

FIG. 15 illustrates the circuits of the configuration/debug
network 1n a top tile.

FIG. 16 illustrates how some embodiments write a value
into a latch storage element.

FIG. 17 illustrate the decoder logic of a conceptual
memory block for some embodiments of the invention.

FIG. 18 conceptually illustrates the masking logic of the
top tile of some embodiments of the invention.

FIG. 19 illustrates the network structure of a center tile 1n
some embodiments of the mvention.

FIG. 20 illustrates the network structure of a bottom tile 1n
some embodiments of the mvention.

FIG. 21 illustrates a process that the configuration control-
ler can perform to operate the configuration/debug network 1n
a broadcasting mode.

FI1G. 22 1llustrates a process that the configuration control-
ler can perform to operate the configuration/debug network 1n
a streaming mode.

FIG. 23 1llustrates an example of a trace butfer according to
some embodiments of the mvention.

FIG. 24 conceptually 1illustrates the logic analyzer func-
tionality of some embodiments of the mvention.

FIG. 25 illustrates a trace bufler according to some
embodiments of the mvention.

FIG. 26 illustrates a debugging process that conceptually
1llustrates a series of debugging operations some of which use
the configuration/debug network of some embodiments to
perform checkpointing.

FIG. 27 1llustrates a debugger that directs the debugging
process of FIG. 26.

FIG. 28 illustrates an example of the fast swapping of
configurations during the user-design operation of an IC.

DETAILED DESCRIPTION

In the following description, numerous details are set forth
for purpose of explanation. However, one of ordinary skill in
the art will realize that the invention may be practiced without
the use of these specific details. In other instances, well-
known structures and devices are shown in block diagram
form 1n order not to obscure the description of the invention
with unnecessary detail.

I. Overview

Some embodiments of the invention provide a configura-
tion/debug network for configuring and debugging a config-
urable mtegrated circuit (IC). The configurable IC 1n some
embodiments includes configurable resources (e.g., config-
urable logic resources, routing resources, memory resources,
ctc.) that can be grouped 1n conceptual configurable tiles that
are arranged 1n several rows and columns.

FIG. 1 illustrates an example of a configurable IC 100 that
includes numerous configurable tiles 105. As shown in this
figure, each configurable tile 105 recerves a set of lines 110
that are part of the configuration/debug network. Some
embodiments use a packet switching technology to route data
to and from the resources in the configurable tiles. Hence,
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over the lines 110, these embodiments can route variable
length data packets to each configurable tile 1n a sequential or
random access manner.

FIG. 2 1illustrates an example of a data packet 200. As
shown 1n this figure, the data packet 200 includes several data
frames 205. In some embodiments, an initial set of frames
(e.g., first one or two frames) of the packet identifies config-
urable tiles for routing the remaining frames of the data
packet. These remaining frames can then contain configura-
tion and/or debug data for configuring the tile or performing,
debug operations on the tile.

FIGS. 3, 4, and 5 illustrate an example of how an 1nitial set
of frames 1n a packet might specily the routing of a packet to
a configurable tile 315. In this example, the first two frames
305 and 310 of the packet 300 respectively 1dentily the col-
umn and then the row of the configurable tile 315 to be
configured. As shown 1 FIG. 4, the column-identifying
frame 305 1s used by a column selector at the top of the

configurable tile array 325 to route a packet down the column
of the addressed configurable tile 310. The tile-identifying
frame 310 then allows a tile selector in the configurable tile
305 to realize that the packet of data being routed down 1ts
column configuration lines 325 1s addressed to 1ts tile 315, as
shown 1n FIG. 5. Hence, as shown 1n this figure, the tile
selector of tile 315 extracts the remaining data frames in the
packet 300.

In some embodiments described below, the column-iden-
tifying frame 305 1s routed down each column as 1t serves as
(1) a column enable signal for each column that contains an
addressed tile, and (2) a column disable signal for each col-
umn that contained a previously addressed tile. In some of
these embodiments, the tile-identifying frame 310 also 1s
routed down each column before the column select circuitry
of the particular column can determine that the particular
column does not contain the destination (1.e., addressed) tile
tor the current packet.

Some embodiments have different types of configurable
tiles, such as one or more configurable logic tile types, one or
more configurable memory tile types, one or more config-
urable edge tile types (e.g., north, south, east, and west), eftc.
Some of these embodiments allow tiles to be individually
addressed, globally addressed (1.e., all addressed together), or
addressed based on their tile types. Addressing multiple tiles
concurrently 1s beneficial because 1t allows concurrent reads
from or writes to multiple tiles. The tile types and the address-
ing of these tile types will be further described in Section 111
below.

The configurable IC includes numerous user-design state
clements (“UDS elements™) in some embodiments. UDS ele-
ments are elements that store values that at any particular time
define the overall user-design state of the configurable IC at
that particular time. Examples of such elements include
latches, registers, memories, etc. The configurable IC of some
embodiments might not include all such forms of UDS ele-
ments, or might include other types of UDS elements.

In some embodiments, the configuration/debug network
connects to some or all of the UDS elements (e.g., latches,
registers, memories, etc.) of the configurable IC. In some
embodiments, the configuration/debug network has a stream-
ing mode that can direct various circuits 1n one or more
configurable tiles to stream out their data during the operation
of the configurable IC. Accordingly, in the embodiments
where the configuration/debug network connects to some or
all of the UDS elements, the configurable/debug network can
be used 1n a streaming mode to stream out data from the UDS
clements of the tiles, 1 order to identily any errors in the
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operation of the IC. In other words, the streaming of the data
from the UDS elements can be used to debug the operation of
the configurable IC.

The streaming mode 1s used in some embodiments to form
a logic analyzer, which may be on or off the same IC die that
includes the configurable tiles. For instance, some embodi-
ments 1clude a trace buller on the same IC die as the con-
figurable tiles. This trace bulifer can then be used to record the
data that 1s output form one or more tiles during the streaming
mode operation of the configurable IC. In other words, the
trace buller can be used to implement an “on-chip” logic
analyzer in conjunction with the streaming mode operation of
the IC. An “off-chip” logic analyzer can also be formed by
using an oif-chip trace butter (i.e., a builer that 1s not on the
same die as the configurable IC) while using the streaming
mode operation of the IC’s configuration/debug network.

Some embodiments also use the configuration/debug net-
work to perform checkpointing operations. Checkpointing 1s
a sub-operation of a debug operation. The checkpointing
process of some embodiments periodically stops the config-
urable IC’s operations (e.g., stops the IC’s operations every
tew million cycles). At each stoppage of the IC’s operations,
the checkpointing process uses the configuration/debug net-
work to retrieve the configurable 1C’s state at that time (e.g.,
to retrieve the value stored by each UDS element of the
configurable IC at that time). Once this process has retrieved
the configurable IC’s state, it causes the configurable IC to
resume 1ts operations. When an error 1s detected during the
debug operation (1.e., after a “crash™), a user or debugging
application then loads the mostly recently checkpointed IC
state (1.e., stored IC state) within the IC, and resumes the
debug operation in a more deliberate manner (e.g., slower or
under more supervision) in order to identily the cause of the
CITOr.

In some embodiments, the configuration/debug network
has a broadcasting mode that can direct various resources
(e.g., memories, storage elements, etc.) 1n one or more con-
figurable tiles to store the same data. For instance, the broad-
casting mode can be used to initialize the memory blocks 1n
the configurable memory tiles.

Section 11 below provides an overview of the configurable
tiles of some embodiments of the invention. Section III then
provides a more detailed discussion of the packet data struc-
ture of some embodiments of the invention. Next, Section IV
provides a more detailed discussion of the configuration/
debug network of some embodiments of the mnvention.

Section V then provides a more detailed discussion of the
broadcasting mode operation of some embodiments of the
invention. Section VI provides a more detailed discussion of
the streaming mode operations of some embodiments. Sec-
tion VII then describes the logic analyzer and trace builer
functionalities of some embodiments. Section VIII describes
the checkpointing process of some embodiments of the inven-
tion. Section IX describes the high-speed nature of the con-
figuration/debug network of some embodiments.

In the discussion above and below, many of the features of
some embodiments are described by reference to a network
that 1s used for both configuration operations and debug
operations. One of ordinary skill i the art will realize that
some embodiments might use this network only for debug
operations or only for configuration operations.

II. Overview of Configurable Tiles

FIG. 6 illustrates the configurable circuit architecture of
some embodiments of the invention. As shown in FIG. 6, this
architecture 1s formed by numerous configurable tiles 605
that are arranged 1n an array with multiple rows and columns.
In FIG. 6, each configurable tile 1s a configurable logic tile,
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which, 1n this example, includes one configurable three-input
logic circuit 610, three configurable mnput-select interconnect
circuits 6135, and eight configurable routing 1interconnect cir-
cuits 620. For each configurable circuit, the configurable IC
600 includes a set of storage elements for storing a set of
configuration data.

In some embodiments, the logic circuits are look-up tables
(LUTs) while the interconnect circuits are multiplexers. Also,
in some embodiments, the LUT’s and the multiplexers are
sub-cycle reconfigurable circuits, as described 1in U.S. patent
application Ser. No. 11/082,193, filed on Mar. 13, 2003. In
some of these embodiments, the configurable IC 1s a recon-
figurable IC that stores multiple sets of configuration data for
its sub-cycle reconfigurable circuits, so that reconfigurable
circuits can use a different set of configuration data in differ-
ent sub-cycles.

In FIG. 6, an input-select multiplexer 1s an interconnect
circuit associated with the LUT 610 that 1s 1n the same tile as
the input select multiplexer. One such mput select multiplexer
(1) recetves several input signals for its associated LUT, and
(2) based on 1ts configuration, passes one of these mnput sig-
nals to its associated LUT.

In FIG. 6, a routing multiplexer 1s an interconnect circuit
that at a macro level connects other logic and/or interconnect
circuits. Unlike an mnput select multiplexer of some embodi-
ments (which only provides 1ts output to a single logic circuit,
1.¢., which only has a fan out of 1), a routing multiplexer of
some embodiments 1s a multiplexer that (1) can provide 1ts
output to several logic and/or interconnect circuits (1.e., has a
fan out greater than 1), or (2) can provide its output to other
interconnect circuits.

In some embodiments, some or all routing multiplexers can
also serve as latches. For instance, some embodiments use a
complimentary passgate logic (CPL) to implement a routing
multiplexer. Some of these embodiments then implement a
routing multiplexer that can act as a latch by placing cross-
coupled transistors at the output stage of the routing multi-
plexer. Such an approach 1s further described 1n U.S. patent
application Ser. No. 11/081,8359, filed Mar. 15, 2005. In the
discussion below, routing multiplexers that can serve as

latches are referred to as routing-circuit latches (“RCLs”).
In the architecture 1llustrated 1n FIG. 6, each configurable
logic tile includes one three-input LUT, three mput-select
multiplexers, and eight routing multiplexers. Other embodi-
ments, however, might have a different number of LUT’s in
cach tile, different number of 1inputs for each LUT, different
number of input-select multiplexers, and/or different number
of routing multiplexers. Other embodiments might also use

different types of logic circuits and/or interconnect circuits.
Several such architectures are further described in the U.S.
application Ser. No. 11/082,193.

In some embodiments, the examples illustrated in FIG. 6
represent the actual physical architecture of a configurable
IC. However, 1n other embodiments, the examples presented
in FIG. 6 topologically illustrate the architecture of a config-
urable IC (1.e., they show arrangement of tiles, without speci-
tying a particular position of the circuits). In some embodi-
ments, the position and orientation of the circuits 1n the actual
physical architecture of a configurable IC 1s different from the
position and orientation of the circuits 1n the topological
architecture of the configurable IC. Accordingly, 1n these
embodiments, the IC’s physical architecture appears quite
different from its topological architecture. For example, FIG.
7 provides one possible physical architecture of the config-

urable IC 600 1llustrated in FIG. 6. In FIG. 7, sets of four tiles
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are aligned so that their LUT’s are placed closer to each other.
The aligned set of four tiles can be conceptually viewed as
simply another tile 1tself.

FIGS. 6 and 7 illustrate only configurable non-edge logic
tiles. The configurable IC of some embodiments includes
other types of configurable tiles, such as configurable edge
logic tiles (“edge tiles”) and configurable memory tiles. In
some of these embodiments, configurable edge tiles are simi-
lar to the configurable non-edge logic tiles of FIG. 6, except
that configurable edge tiles have additional configurable rout-
ing circuits for routing input and output data to and from the
circuits in the configurable tile arrangement 1llustrated 1n
FIGS. 6 and 7.

On the other hand, configurable memory tiles (1) are tiles
with blocks of memory, or (2) are tiles that are adjacent to
blocks of memory. FIG. 8 1llustrates two examples of config-
urable memory tiles. The first example 1s a memory tile 8035
that1s formed by a set of four aligned tiles that have amemory
block 810 1n place of their four LUT’s. In the second example,
four aligned tiles 820 (which are formed by sixteen tiles 815)
neighbor a memory block 820. In the four aligned tiles 803
and 820, the input select and routing interconnects serve as
configurable ports of the memory blocks. In addition to the
four aligned tiles 8035 and 820, FIG. 8 illustrates several
aligned sets of four logic tiles 825, which are similar to the
four aligned logic tiles of FIG. 7.

Even though FIG. 8 illustrates a particular tile architecture,
one of ordinary skill will realize that other embodiments
might use different tile architectures. For instance, the archi-
tecture of some embodiments includes at least one memory
array similar to the memory array 820, except that the array of
these embodiments 1s surrounded by eight aligned tiles 820,
four on each side of the array. Also, some embodiments have
a different number of routing or input-select multiplexers.
Some embodiments have diflerent types of interconnect and/
or logic circuits.

I11. Packet Data Structure

Some embodiments use a configuration/debug controller
to formulate configuration/debug packets, which are then
routed to the configurable tiles of a configurable IC during
configuration/debug operations. FIG. 9 illustrates one such
controller 910. This controller 915 formulates configuration/
debug packets and routes such packets to the configurable
tiles 905 over a set of lines 910 that traverse each configurable
tiles 1n a tile arrangement 900. The controller formulates
configuration/debug packets at a fast rate 1n some embodi-
ments. In some embodiments, each tile 905 1n FIG. 9 corre-
sponds to an aligned set of four tiles illustrated 1n FIG. 8.

In some embodiments, the set of lines 910 1ncludes eigh-
teen lines, six of which are used to provide control signals,
and twelve are used to provide data signals. The six control
signals serve as an opcode (operation code), while the twelve
signals serve as the operand (1.e., data argument) associated
with the opcode. Accordingly, the six lines are referred to
below as the opcode lines while the twelve lines are referred
to as the operand lines.

As mentioned above, some embodiments use a packet
switching technology to route data to and from the resources
in the configurable tiles. Hence, over the eighteen lines that
traverse through each set of tiles, these embodiments can
route variable length data packets to configurable tiles
sequential, randomly, or based on tile types (1including a glo-
bal tile type).

FIG. 10 illustrates an example of a data packet 1000 that
can be routed to one or more configurable tile sets. As shown
in this figure, the data packet 1000 includes several frames
1005. Each frame has a six-bit opcode 1010 and a twelve-bit
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operand 1015. In some embodiments, different data packets
can have different number of frames. In other words, some
embodiments allow the configuration/debug network to use
variable sized packets.

FIG. 11 1llustrates examples of some opcodes that are used

in some embodiments. These opcodes include:

(1) t1le X, which has 1ts lower eight bits identify the column
associated with a tile and its higher four bits identily a
tile type,

(2) tile Y, which has 1ts lower eight bits 1dentily the row
associated with a tile and 1ts higher four bits identify a
tile type,

(3) Load Address, which provides an address for an
addressed tile to load 1n 1ts loadable address counter,

(4) Read, which directs the addressed tile to provide the

output of a particular resource (e.g., storage elements,
RCL, etc.) that 1s identified by the address 1n the address

counter,

(5) Read Increment, which directs the addressed tile to
provide the output of a particular resource that 1s 1den-
tified by the address 1n 1ts address counter, and then to
increment the address 1n 1ts address counter,

(6) Write, which directs the addressed tile to write to a
particular resource that 1s 1dentified by the address 1n the
address counter,

(7) Write Increment, which directs the addressed tile to
write to a particular resource that 1s 1dentified by the
address 1n the load address counter, and then to incre-
ment the address 1n 1ts address counter.

As shown 1n FIG. 11, the least significant eight bits of the
operands of the tile X and tile Y opcodes provide the column
and row address of a tile. The four most significant bits of
these two operands provide the tile types. These four bits
provide (1) fourteen specific types, which can be used to
collectively access tiles of the same type (e.g., access small
memory tiles or large memory tiles for initializing their stored
content), (2) one global type, which specifies all of the tiles,
and (3) one “No Type Select” type, which specifies that a set
of tiles 1s being individually addressed (1.e., specifies that the
set of tiles are being addressed by the least significant eight
bits of the tile X or Y operand, as opposed to being addressed
based on their types). In some embodiments, the fourteen tile
types include a logic tile type, a first memory tile type, a
second memory tile type, an edge tile type, etc.

Because of the tile X and tile Y opcodes, the packets can
access the tiles during configuration and/or debugging 1n any
random access manner. More generally, the operands of the
tile X and Y opcodes allow the configuration/debug network
to access sets of tiles individually, globally, or based on their
types. By allowing several tiles to be addressed together, the
tile type addressing allows simultaneous reads from or writes
to resources 1n several tiles at once. For instance, a tile X
frame can specity a global tile type, and this frame can be
followed by a tile Y frame that specifies a global tile type or
another tile type. These two frames will result in the selection
of several tiles, which might be in different rows and columns.
Such read and write operations are used during the streaming
and broadcasting modes, which are further described below
in Sections V and V1.

As shown 1n FIG. 11, the least significant eight bits of the
Load Address frame’s operand can provide the address of a
set ol resources within an addressed set of tiles. Examples of
such resources include (1) storage elements that store con-
figuration data, (2) RCLs (1.e., routing multiplexers that can
serve as latches), (3) storage elements (e.g., latches and/or
registers) that store mode bits that define one or more opera-
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tional modes of the resources within the set of tiles, and (4)
storage elements (e.g., memory cells) of a memory array.

For mstance, when the eighth bit of this operand 1s a zero,
the address operand 1n some embodiments provides the
address of a set of storage elements (called configuration cells
below) that store configuration data for configurable circuits
in the set of addressed tiles. In some embodiments, each set of
configuration cells includes twelve configuration cells.

On the other hand, when the eighth bit 1s a one, the address
operand provides the address of (1) up to eight twelve-bit
registers, or (2) one of three sets of RCLs. Each twelve-bit
register 1s a set of storage elements that store mode settings. In
the example illustrated 1n FIG. 11, the eight registers that
store mode settings include:

(1) a mask storage that stores mask bits for masking the

output of the RCLs,

(2) a merge storage that stores merge bits for merging
signals on the twelve operand lines that traverse each
column of tiles,

(3) for each set of edge tiles, four configuration control
storages for storing configuration data related to the
programmable inputs/outputs,

(4) two clock storages for storing clock configurations for
the set of tiles.

In some embodiments, each one of the three RCL
addresses 1dentifies a different set of twelve RCLs 1n the tiles.
However, 1n some embodiments, different RCL addresses
identify different number of RCLs. For instance, two of the
addresses for the RCLs i1dentify two sets of twelve RCLs,
while a third address for the RCLs i1dentifies a set of four
RCLs, 1n some embodiments.

Some embodiments address small memory blocks by set-
ting a bit 1n one of the clock control registers. This bit deter-
mines if the IC 1s 1n a configuration RAM mode (normal
mode) or user RAM access mode. It the bit 1s set, reads and
writes to up to 127 addresses associated with the lower seven
bits 1in the address register are directed to locations in a small
memory block associated with an addressed tile. Since the
clock control registers are not 1n this range, the bit can be set
and unset 1n either mode.

For larger memory blocks (1.e., memory blocks with more
than 128 addresses), a bit 1s set 1n the adjacent tile. When this
bit 1s set, the memory tile 1s in RAM access mode. If neces-
sary, the width of the address register 1s increased to fully
access the RAM. In some embodiments, the control bitisin a
different tile, because the clock control register in the memory
tile cannot be accessed when 1n RAM mode.

The Read Increment and Write Increment frames are quite
usetul 1 reducing the number of frames routed through the
configuration/debug network. This 1s because these opcodes
obviate the need to load a new address after each read or write.
Accordingly, when reading or writing several sequential loca-
tions on the IC, the Read Increment or Write Increment
opcodes cause a set of address counters 1n a set of addressed
tiles to increment to the next address location for the subse-
quent read or write operation. One example of this will now
be described by reference to FIG. 12.

FIG. 12 illustrates an example of a packet 1200 for a
particular tile. As shown in this figure, the packet 1200
includes seven frames. The first frame 12035 specifies the
x-coordinate of an addressed tile, the second frame 1210
specifies the y-coordinate of the addressed tile, and the third
frame 1215 specifies the address of a set of resources within
the addressed tile. The specified address 1s stored 1n an
address register of the addressed tile in some embodiments.

The next four frames 1220-1235 in the packet 1200 then
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specily a read-increment operation, followed by a read opera-
tion, a write operation, and then a final read operation.

The read-increment frame 1220 directs the addressed tile
to provide the output value of the set of resources 1dentified by
the address (ADDR A 1n this example) that was previously
specified by frame 1213 and that 1s now stored 1n its address
register. As shown in FIG. 12, the operand 1n a read frame or
read-increment frame 1s not relevant when the configuration/
debug controller prepares such a frame. This 1s because the
operand will be written over during the read operation. In
other words, the output of the addressed set of resources 1s
stored 1n the operand section of the read frame, which like all
frames of all packets 1s routed out of configurable IC after
being routed to a particular set of addressed tiles.

The read-increment frame 1220 also directs the addressed

tile to increment the address (1.e., ADDR A) 1n 1ts address
register by one after providing the output value of the set of
resources addressed by frame 1215. The read frame 1225 then
directs the addressed tile to read the output value of the set of
resources 1dentified by the incremented address (1.e., ADDR
A+1) 1 the address register. The write frame 1230 next
directs the addressed tile to store the value (1.e., Value Q) in 1ts
operand section 1n the set of resources located at ADDR A+1.
The read frame 1235 then directs the addressed tile to read the
output of the set of resources located at ADDR A+1.

The packet 1200 of FIG. 12 can be followed by another
packet for a tile 1n the same column as the tile addressed by
packet 1200. FIG. 13 1illustrates such a packet 1300. This
other packet does not start with a frame that provides the
x-coordinate of an addressed tile, as it 1s directed to a tile in
the same column as tile addressed by packet 1200. Instead,
the packet 1300 starts with a frame 1305 that identifies the
y-coordinate ol the newly addressed tile. This frame 1303 will
notily the previously addressed tile that its packet has ended
and that the subsequent frames are not intended for it. Also,
the newly addressed tile will read the frame 13035 and know
that the next set of frames 1310 are intended for 1t, until 1t
receives a new tile X or tile Y frame.

IV. Network Structure in Each Tile

FIG. 14 provides an overview of the configuration and
debug network 1400 of some embodiments. As shown 1n this
figure, this networks 1includes an eighteen bit-wide bus 14035
and a configuration/debug controller 915. The eighteen bit-
wide bus 1405 passes through each tile of a configurable IC
1410, so that the configuration/debug controller 915 canroute
configuration/debug packets to the tiles of the configurable IC
1410.

The network 1400 also 1includes at least one eighteen bit-
wide set of storage elements 1415, 1420, 1425, or 1430 in
cach tile. One such set of storage element exists at the bound-
ary between each horizontally or vertically adjacent tiles.
These sets of storage elements store (e.g., latch) the data that
they receive for a clock cycle. In some embodiments, each set
ol storage elements includes eighteen double-edge triggered
tlip tlops, each of which 1s formed by two multiplexed latches
that latch on different edges of the clock. Such a tlip-flop 1s
turther described 1n U.S. patent application Ser. No. 11/292,
952.

As shown 1n FIG. 14, the tile array includes four types of
tiles, which are: top, edge, central, and bottom. Central and
edge tiles have a similar circuit structure in the network 1400,
except that edge tiles store more configuration bits as they
control the configurable 1/Os of the configurable IC 1400 and
may contain different programmable resources (e.g., the east/
west tiles might contain LUTs, while the north/south tiles
might not).
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The top tiles have a network circuit structure that allows
packets to pass along the top tile row. The top tiles also
include the column selection functionality that can route a
particular packet down a particular column that 1s addressed.
This column selection functionality routes tile X and tile Y
frames down each column as well. The tile X frame 1s routed
down each column as it serves as (1) a column enable signal
for each column that contains an addressed tile, and (2) a
column disable signal for each column that contained a pre-
viously addressed tile. In the configuration/debug network
1400, the tile Y frame also gets routed down each column
betore the column select circuitry of the particular column
can determine that the particular column does not contain the
destination (1.e., addressed) tile for the current packet.

Thenetwork circuit structure of each tile also includes atile
selection circuit that allows a tile to detect that a packet 1s
addressed to 1t. In addition, the bottom tiles have a network
circuit structure that allows the output of the different col-
umns to be merged 1nto one bus 1450 that traverses from left
to right through the bottom tiles, and then loops back through
the bottom tiles from right to left to route the configuration/
debug packets out of the tile array 1410, as shown in FIG. 14.

The bus 14350 loops horizontally through the bottom tiles,
in order to output the configuration/debug packets to the
configuration/debug controller 915 from the same side of the
tile arrangement 1410 as this controller supplies the packets
to the tile arrangement. This simplifies the timing problem for
determining when the configuration/debug controller 915
will recerve the results of a configuration/debug packet that 1t
sends 1nto the tile arrangement 1410. It allows the controller
915 to send and receive packets at a frequency that 1s 1nde-
pendent on the size of the array. If the height of the array
would cause a significant delay for signals output from the
bottom of the array to reach the controller at the top of the
array, some embodiments might have the bus 1450 to loop
back up through the tiles (e.g., through the leftmost tiles) so
that 1t can output data in the same vicinty as the tile arrange-
ment receives mput.

In some embodiments, the bus 1450 1s wider than eighteen
bits wide (1.e., 1s wider than the eighteen bit column lines
whose outputs are merged into the bus at the end of each
column). For instance, in some embodiments, this bus 1is
thirty-six bits wide. Alternatively, in some embodiments, this
bus 1s wider 1n one of 1ts directions (e.g., left to right) than 1n
its other direction (e.g., right to lett).

The configuration/debug network 1400 has a fixed latency
through each of the tiles. In other words, because of the
synchronous set of storage elements at the boundary of each
horizontally or vertically aligned tiles, two packets that are
addressed to two different tiles have the same delay from the
input 1455 to the output 1460 of the tile arrangement 1410.
This allows different packets to reach the same tiles without
interfering with one another. This guarantees that two differ-
ent read commands to the same tile do not interfere with each
other.

In some embodiments, the configuration/debug network
1400 1s completely separate network than the routing fabric
network (1.¢., the data network) formed by the routing multi-
plexers and wiring connected to these multiplexers that con-
nects the configurable logic circuits while the IC operates. In
other embodiments, the network 1400 shares some wiring
and/or interconnect resources with the routing fabric, but
includes other resources that 1t does not share with the routing
fabric. Example of resources that the network 1400 does not
share in some embodiments 1ncludes the configuration/debug,
bus 1405, and the storage elements 14135, 1420, 1425, and

1430. Examples of routing fabric of wiring and interconnects
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that connect the configurable logic circuits are disclosed in
U.S. patent application Ser. No. 11/082,193.

The network circuit structure in each of the tile types will
now be further described 1n sub-sections A-C.

A. Top Tiles

FIG. 15 1llustrates the circuits of the configuration/debug
network 1400 1n a top tile 1500. As shown 1n this figure, these
circuits include two 18-bit wide sets of storage elements 15035
and 1510, one tile X/tileY decoder 1515, an OR gate 1520, an
AND gate 1525, a column selector 1530, a row selector 15335,
two set and reset registers 1540 and 1545, a conceptual
memory block 1560, masking logic 1550 and a multiplexer
1555.

As shown 1n this FIG. 15, the set of storage elements 1505
connects to the 18-bit wide bus 1405 to recetve 18-bit packet
frames. On each edge of the clock, the set of storage elements
stores eighteen bits of data (1.e., a frame) that appears on the
bus 1405 and outputs the eighteen bits of data (1.¢., the frame)
that it latched on the prior clock edge. Each set of eighteen bits
(1.e., each frame) that the storage element set 1503 outputs 1s
routed to the next top tile along the eighteen bit wide bus
1405, as shown 1n FI1G. 15. The eighteen bits output from the
last top tile are discarded in some embodiments.

The tile X/tile Y decoder 1515 receives the higher six bits
of each eighteen bits (1.e., each frame) that 1s output from the
storage element set 1505. This decoder examines these six
bits to determine whether these six bits represent a tile X or
tile Y opcode. If not, the decoder 1515 outputs a “0”.

Alternatively, when the six bit opcode 1s atile X or tile Y
opcode, the decoder 1510 outputs a “1”, which causes the OR
gate 1520 to output “1”” along 1ts eighteen output lines. These
outputs of the OR gate 1520, 1n turn, allow the eighteen bits
that are output from the storage clement set 1505 to pass
through the eighteen bit-wide AND gate 1525 (i.e., cause the
AND gate to output elghteen bits that are 1dentlcal to the
cighteen bits that 1t recerves from the storage element set
1505).

The storage element set 1510 recerves the eighteen bit wide
output of the AND gate 1525. On the next clock edge, the
storage element set 1510 outputs the eighteen bits. The col-
umn selector 1530 receives the output of the storage element
set 1510. The column selector 1530 determines whether the
higher six bits represent a tile X opcode, and 11 so, whether the
operand of the received tile X frame matches the type or the
x-address of the tile 1500. As mentioned above, the lower
cight bits of a tile X frame provide the x-address (1.e., the
column address) of a tile, while 1ts next four bits provide the
type of the tile.

The column selector directs the register 1540 to assert a
reset signal (1.e., a “0” 1n this case) when the column selector
receives a tile X frame (1.¢., the sixteen bits output from the
storage 1510) that has an operand that matches neither the
type nor the x-address of the tile 1500. On the other hand,
when the received frame 1s a tile X frame with an operand that
matches the type or x-address of the tile 1500, the column
selector 1530 directs the register 1540 to assert a set signal
(1.e., a “1” 1n this case). A set signal causes the OR gate’s
outputs to remain high even after the decoder 1510 pulls 1ts
output low when this decoder no longer detects a tile X or tile
Y opcode (1.€., no longer receives atile X or tile Y frame). By
keeping the OR gate outputs high, the AND gate 1525 con-
tinues to route frames down the column of tile 1500, until the
time that the column selector 1530 receives a tile X frame
whose operand does not match the type or the x-address of the
tile 1500. Once column selector receives such a tile X frame,
it directs the register 1540 to reset 1ts output (1.e., to output a
“07). At this point, when the tile X/Y decoder does not output
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a 17, the OR gate 1520 will outputa “0” (1.e., will prevent the
AND gate 1525 from routing any more frames down the
column of tile 1500) until the tile X orY decoder 1515 detects
another tile X orY frame.

The row selector 1535 also recerves the output of the stor-
age 1530. The row selector 1530 determines whether the
received frame 1s a tile Y frame (i.e., whether the higher six
bits output from the storage 1530), and 11 so, whether the
operand of the received tile Y frame matches the type or the
y-address of the tile 1500. As mentioned above, the lower
cight bits of a tileY frame provide the y-address (1.e., the row
address) of a tile, while its next four bits provide the type of
the tile.

The row selector directs the register 1543 to assert a reset
signal (1.e., a “0” 1n this case) when it recerves a tile Y frame
with an operand that matches neither the type nor the y-ad-
dress of the tile 1500. On the other hand, when the received
frame 1s a tile Y frame with an operand that matches the type
or the y-address of the tile 1500, the row selector 1535 directs
the register 1545 to assert a set signal (1.e., a “1”” 1n this case).
A set signal from the register 1545 activates the decoder logic
associated with the conceptual memory block 1560 of the tile
1500, while the reset signal from the register 1545 deactivates
this decoder logic.

The conceptual memory block 1560 conceptually repre-
sents tile 1500°s (1) storage elements that store configuration
data, (2) RCLs (1.e., routing multiplexers that can serve as
latches), (3) storage elements (e.g., latches and/or registers)
that store mode bits that define one or more operational modes
ol the resources within the tile 1500, and (4) storage elements
(e.g., memory cells) in a memory array.

The storage elements and RCLs are not actually organized
in a contiguous block 1 some embodiments. However, 1n
some embodiments, groups ol storage elements (e.g., con-
figuration cells), RCLs, and/or registers can be enabled at one
time for a read or write operation. For instance, 1n some
embodiments, groups ol twelve configuration storage ele-
ments, groups of twelve or four RCLs, and groups of twelve
one-bit registers can be enabled at one time. The decoder
logic for addressing these groups of storage elements and
RCLs will be further described below.

The conceptual memory block also receives the eighteen-
bit output of the storage 1510 (1.e., connects to the eighteen
bit-wide bus 1405 and receives the frame output from the
storage 1510). Through this connection, data can be written to
the RCLs and storage elements (e.g., configuration, register,
and memory cells) in the block 1560.

U.S. patent application Ser. No. 11/081,839 discloses the
RCL design of some embodiments of the imnvention. As dis-
closed 1n this application, each RCL 1s an n-to-one multi-
plexer (where n 1s any integer greater than 1) that has a
complementary pass logic design. As shown 1n FIG. 16, this
multiplexer also has two output buifers 1605 and 1610 that
are cross coupled by two transistors 1615 and 1620 (1.e., one
transistor connects the input of first butier to the output of the
second buffer, while the other transistor connects the input of
the second butfer to the output of the first buffer). These two
transistors when enabled cause the output stage of the multi-
plexer to form a latch. To write to such an RCL, some embodi-
ments mnsert a write-enable circuit 16235 1n series with one of
the cross-coupling transistors, as shown in FIG. 16. This

figure illustrates that in some embodiments the write-enable
circuit includes one NMOS transistor 1635 and one PMOS

transistor 1630. The NMOS transistor 1635 1s 1n series with

one 1615 cross coupling transistor. The PMOS transistor
1630 connects at its drain to the node between the two tran-
sistors 1615 and 1635, and connects at 1ts source to the value
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that needs to be written into the latch. The gates of transistors
1630 and 1635 are both tied to the complement of the Write
signal, which 1s high when a value has to be written 1nto the
latch. When the Write signal 1s high, the transistor 1635 1s ofl,
and the transistor 1630 1s on to pull the node between the two
transistors 1615 and 1635 to the value being written, which in
turn places the output of the buffers to the desired values.

Data can be read from (1) the storage elements (e.g., con-
figuration, register, and memory cells), and (2) the RCLs 1n
the block 1560 through n address lines 1565, where n 1s an
integer larger than eleven 1n some embodiments. These lines
are fed to a multiplexer 1555 through the masking logic 1550.

The masking logic 1550 also receives the lower twelve-bit
output of the storage 1510 (1.e., the bit lines for the frame’s
operand). The masking logic can replace some of the bits
output from the memory block 1560 on lines 15635 with the
operand bits being output from storage element 1510. This
masking logic, in conjunction with merging logic 1n the bot-
tom tiles, allows bits to be read from different tiles in poten-
tially different rows and columns at the same time. This
masking logic 1s further described below.

The multiplexer 1555 selects between the potentially
masked twelve-bit output from the masking logic 1550 (1.¢.,
the memory-block data path) and the lower twelve-bit output
of the storage 1510 (i.e., the packet-frame data path). The
multiplexer selects the memory-block data path during a read
operation, while 1t selects the frame-operand data path during
a write operation. As mentioned above and further described
below, the data from the frame-operand data path can be
introduced through the masking logic into the memory-block
data path and output during a read operation. As shown 1n
FIG. 15, the twelve-bit output of the multiplexer 1555 merges
with the higher six-bit output of the storage 1510 onto the
cighteen-bit bus 1405, which 1s routed to a tile below the top
tile 1500.

FI1G. 17 1llustrate the decoder logic 1700 of memory block
1560. As shown 1n this figure, the decoder logic includes two
decoders 1703 and 1713 and an address counter. The decoder
1703 receives the output of the set/reset register 1545 and the
s1X bit opcode output (i.e., the opcode of the frame output)
from the storage 1510. When the output of the register 1545 1s
active (1.e., 1s set), the decoder 1705 decodes the opcode that
it receives to determine whether to assert a read signal, a write
signal, a load address, and/or an increment address on its
output.

The decoder 1705 asserts a read signal when the opcode
specifies a read or read increment. It asserts a write signal
when the opcode specifies a write or write increment. It
asserts a load address when it received a Load Address
opcode. It asserts an increment address signal after it receives
a Read Increment or Write Increment opcode and 1t causes a
read or write operation to be performed. The load address and
increment address signals are supplied to the address counter
1710. The address counter 1710 also receives the twelve-bit
operand of the frame output (1.e., within the eighteen bit
output) of the storage 1510. When the load address signal 1s
active (1.e., 1s asserted by the decoder), the address counter
loads 1n the address specified by the twelve-bit operand.
Alternatively, when the increment address signal 1s active, the
address counter increments the address that 1s currently
stored 1n the address counter.

The address counter outputs the address that 1t stores to the
second decoder 1715, which 1s responsible for enabling a set
of blocks 1720 that represent storage elements (e.g., the con-
figuration cells, register cells, memory cells, etc.) and RCLs
of the tile 1500. Each address that the decoder block receives
can identily up to twelve storage elements (e.g., configuration
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cells, register cells, memory cells, etc.) or RCLs. As shown 1n
FI1G. 17, the decoder 1715 connects the blocks 1720 to several
ecnable lines 17235 that allow the decoder 1715 to enable
blocks that are addressed by the address outputted from the
address counter 1710. As shown 1n this figure, one set of
blocks 1720 can share one enable line.

FIG. 17 also shows certain blocks 1720 recerving a write
signal from the second decoder 1715, which corresponds to
the write signal generated from the first decoder 1705. These
blocks represent the configuration cells, register cells,
memory cells, RCLs, etc. that can store data. When the write
signal 1s active, the twelve bit operand data 1s written to the
blocks enabled by the second decoder 171S. During a read
operation, the data from the enabled blocks (1.e., blocks
enabled by the second decoder) 1s written for output onto the
output lines 1565 of the memory 1560.

FIG. 18 conceptually 1llustrates the masking logic 1550 of
the top tile 1500 for some embodiments of the invention. As
shown 1n this figure, the masking logic 1550 includes a mask
register 1805, a multiplexer 1810, two AND gates 1815 and
1820, and an OR gate 1825. The multiplexer 1810, the AND
gates 1815 and 1820, and the OR gate 1825 are twelve bits
wide each.

The multiplexer 1810 recerves several sets of twelve output
lines. Each set of twelve output lines provides up to twelve
outputs from RCLs and storage elements (e.g., configuration
cells, register cells, memory cells, etc.) in the conceptual
memory block 1560 of the tile 1500. In some embodiments,
the masking 1s performed only for RCL outputs. Hence, 1n
these embodiments, the input sets into the multiplexer 1810
only come from RCLs. However, in these embodiments,
another multiplexer 1s used to circumvent the masking logic
when the RCL outputs are not being supplied.

The multiplexer 1810 routes the signal on one of 1ts 1nput
sets to the AND gate 1820 based on an address signal that it
receives on its select line. This address signal can be gener-
ated by the decoder logic 1700. The AND gate 1820 also
receives the output of the twelve bit mask register 1805.

The mask register 18035 contains the masking data, which
can mask (eliminate) certain data bits output from the
memory block 1560 while letting other data bits through. The
masking data 1s written into the mask register before the
operation of the masking logic. The output of the masking
register 1s also inverted and then supplied to the AND gate
1815. The AND gate 1815 also receives the operand of the
received frame (e.g., for tile 1500, the lower twelve bits
output from the storage 1510). The twelve-bit wide outputs of
the two AND gates are supplied to the OR gate 1825, which
performs an OR function on these two outputs and routes their
results to the multiplexer 1555.

When the output of the memory block is not to be masked,
the masking register contains all *“1°s”™

s”’, which results in the
AND gate 1820 passing through all the signals output by the
multiplexer 1810 and the AND gate 1815 not passing through
any of the signals on the bus 1405. On the other hand, when
the output of the memory block 1s to be masked, the masking
register contains a particular pattern of “1’s” and “0°s” that
results 1n the AND gate 1815 and 1820 passing through a
desired combination of bits from the bus 1405 and the
memory block 1560.

Essentially, the two twelve-bit wide AND gates 1815 and
1820 and the twelve-bit wide OR gate 1825 form a twelve-bit
wide two-to-one multiplexer. This multiplexer recerves for its
two twelve-bit mnputs the twelve-bit output of the multiplexer
1810 and the twelve-bit output of the storage 1510. The
twelve-bit select lines of this multiplexer receives the output
of the twelve-bit mask register. Each mask bit value then
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selects between the corresponding bit value from the output
of the multiplexer 1810 and the corresponding bit value from
the output of the storage 1510.

As mentioned above, the output of the OR gate 1825 1s
supplied to the multiplexer 1555. If the masking logic 1s not
performed for the memory block 1560 1n 1ts entirety, a mul-
tiplexer 1s used to determine whether to route the output of the
OR gate 18235 or the output of the memory block 1560 to the
multiplexer 1555.

Also, as mentioned above, the configuration/debug net-
work of some embodiments 1s used in a reconfigurable IC
(¢.g., a sub-cycle reconfigurable IC). In some such embodi-
ments, the mask register 1805 stores different mask values
(e.g., different twelve bit mask values) for different recon-
figuration cycles (e.g., different sub-cycles) of the reconfig-
urable IC. In this manner, different masking operations can be
performed 1n different reconfiguration cycles (e.g., different
sub-cycles) to maximize the number of bits that are read from
different tiles.

Even though the top tile structure was described above by
reference to several conceptual examples illustrated 1n FIGS.
15-18, one of ordinary skill will realize that other embodi-
ments might use different circuits in the top tile. For instance,
instead of using the AND gates 1815 and 1820 and the OR
gate 1823, some embodiments use an alternative circuit struc-
ture to form a two-to-one multiplexer.

Also, FIG. 18 illustrates a multiplexer 1810 to describe
conceptually the concept of a multiplexer that selects between
various outputs of the memory block 1560. One of ordinary
skill will realize that other embodiments might not utilize an
actual multiplexer structure, but instead use a tri-state
approach. For instance, several different sets of storage ele-
ments or RCLs might share a particular set of twelve-bit lines
to provide their output. To do this, each set of storage ele-
ments or RCLs has a set of tri-stateable driver that outputs
their stored value onto the particular set of twelve bit lines.
When a set of storage elements or RCLs are not being read, 1ts
associated set of drivers are tri-stated. On the other hand,
when the set1s being read, 1ts associated set of drivers are used
to drive the stored values of the set onto the particular set of
twelve-bit lines.

B. Center and Edge Tiles

FIG. 19 1llustrates the network structure of a center tile
1900. As shown 1n this figure, the network structure of the
center tile 1s 1dentical to the top tile, except that 1t does not
include the storage 1505, the tile X/tile Y decoder 1510, an
OR gate 1520, the AND gate 1525, the column selector 1530,
the set/reset register 1540. The center tile basically includes
all the circuitry necessary for determining whether a packet is
intended for 1t, and 1f so, to perform the appropriate read,
write, and mask operations.

The network structure for an edge tile 1s similar to the
network structure for a center tile. The one difference
between edge and center tiles 1s that, 1n some embodiments,
the edge tiles have more storage elements (e.g., configuration
or register cells) to deal with the configurable I/0 function-
alities of the tile arrangement 1400.

C. Bottom Tiles

FI1G. 20 illustrates the network structure of a bottom tile
2000. As shown 1n this figure, the network structure of the
bottom tile 1s stmilar to the top tile. Like a top tile, a bottom
tile includes an 18-bit wide storage 1510, a column selector
1530, arow selector 15335, two set and reset registers 1540 and
1545, a conceptual memory block 1560, masking logic 1550
and a multiplexer 1555. However, 1t also includes multiplexer
2005, storage elements 2010 and 2015, and a merging circuit
2025. Also, in the embodiment shown 1n FIG. 20, the column
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selector 1530 and 1ts associated register 1540 1s after the
multiplexer 1555 not before. However, 1n other embodiments,
the column selector 1530 and 1ts associated register 1340 can
be placed before multiplexer 1555.

The operation of the row selector 1535 and 1ts register 1545
1s 1dentical 1n the bottom, center, and top tiles. The operation
of the column selector 1530 and its register 1540 are also
similar 1n the top and bottom tiles. However, 1n the bottom
tile, the column selector 1530 and its register 1540 are used to

merge the outputs of multiple columns onto the bus 1450 of
the configuration/debug network 1400, as further described
below.

The bus 1450 includes two sets of lines 2050 and 2055, the

merging logic 2025, and two sets of storage elements (e.g.,
two registers) 2010 and 2015. The two sets of lines 2050 and
20355 form a horizontal output loop through the bottom tiles.
The first set 2050 traverses from left to right, while the second
set 2055 traverses from right to left. In a bottom tile 2000 that
1s not on the left or right edge of the tile arrangement, the first
set 2050 routes signals 1n from a bottom tile to the lett of the
tile 2000 and route signals out to a bottom tile to the right of
the tile 2000, while the second set 20355 route signals in from
the bottom tile to the right of tile 2000 and route signals out to
the bottom tile to the left of the tile 2000.

In some embodiments, the first set of lines 2050 include
thirty-six data lines to allow each of the twelve data lines
output from the multiplexer 1555 to be carried on up to three
data lines 1n the set 2050, as further described below. The first
set of lines 2050 connects to one set of mputs of the multi-
plexer 2005, whose set of outputs 1s supplied to the storage
2010. Thirty-six data lines 2065 from the first set 2050 1s also
fed to the merging circuit 2025.

The merging circuit 2025 performs an analogous operation
to the masking circuit 1550, but it performs this operation to
facilitate the merging of the data from the various columuns,
instead of the tiles from the various rows. Even when the
bottom tile 1s selected, the merging logic can replace some of
the bits output from the multiplexer 1555 with the data bits
coming irom the tile to the left of the bottom tile.

Specifically, the merging circuit 2025 has thirty-six output
data lines 2060, each corresponding to a particular data line 1n
the thirty-six data lines 2065 that the circuit 2025 receives.
The merging circuit 2025 can place the signal on each output
data line of the multiplexer 1555 on up to three of 1ts output
data lines 2060. On each particular output data line 2060, the
merging circuit 2025 can also place a signal from 1ts corre-
sponding nput data line 2065.

The merging circuit 2023 determines the signal to place on
an output data line based on a merge bit value, which causes
the merge circuit to select between an input data line 2063 and
a data line from the output of the multiplexer 1555. In some
embodiments that are implemented 1n areconfigurable IC, the
merge logic includes a merge bit for each output line 2065 for
cach reconfiguration cycle (e.g., each sub-cycle). Also, to
perform the selection between input data lines 2065 and data
lines output from the multiplexer 1555, the merging circuit
2025 can utilize a two-to-one multiplexer structure, such as
the one formed by the AND gates 1815 and 1820 and the OR
gate 1825 of the masking circuit 1550.

The multiplexer 2005 has two sets of input lines and one set
of output lines 2070. As one of 1ts sets of mput lines, the
multiplexer 2005 receives the output lines 2060 of the merg-
ing circuit 2025. As 1ts other set of input lines, the multiplexer
2005 receives the first set of lines 2050. As shown 1in FIG. 14,
the multiplexer 2005 of the leftmost bottom tile receives a
grounded first set of lines 2050.
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The multiplexer 2005 has a select line that receives the
output of the set/reset register 1540. When the register 1540
outputs a reset signal (in this case a “0”), the multiplexer
selects the first set of lines 2050 for output on its set of output
lines 2070 (1.¢., routes the signals on the first set of lines 2050
to 1ts output lines 2070). Alternatively, when the register 1540
outputs a set signal (in this case a *“1”), the multiplexer selects
the output lines 2060 of the merging circuit 2025 for output on
its set of output lines 2070 (i.e., routes the signals on the
output lines 2060 to 1ts output lines 2070).

The register 1540 assert a reset signal (1.e., a “0” 1n this
case) when the column selector directs 1t to do so after the
selector recerves a tile X frame (1.¢., recerves the eighteen bits
output) from the storage 1510 that has an operand that
matches neither the type nor the x-address of the tile 2000. On
the other hand, when the recerved frame 1s a tile X frame with
an operand that matches the type or x-address of the tile 2000,
the column selector 1530 of tile 2000 directs the register 1540
to assert a set signal (1.e., a “1” 1n this case).

Accordingly, the multiplexer 2005 selects between the data
path coming from the left of the bottom tile 2000 and the
potentially masked/merged output of the multiplexer 1555.
The multiplexer 2003 selects the packet-irame data path com-
ing irom the left side when the bottom tile’s column 1s not
selected, while 1t selects the potentially masked/merged out-
put of the multiplexer 1555 when the bottom tile’s column 1s
selected. Through the merging operation of the merging cir-
cuit 2025, the data from the data path coming from the left
side can be mtroduced into the data path from the tile’s
column even when the column is selected. This merging
logic, 1n conjunction with masking logic in the each tiles,
allows bits to be read from different tiles in potentially dii-
terent rows and columns at the same time.

The bottom tile contains two sets of storage elements 2010
and 2015 1n 1ts output path. The storage 2010 1s in a forward
direction out of the bottom tile 2000. This storage 1s there for
retiming the signals at the boundary of two tiles. The other
storage 2015 1s 1n the loop back direction through the bottom
tile. It also performs retiming at the boundary of two tiles.
However, the storage 2015 1s primarily used for the loop back
through the tile arrangement, which as mentioned above
allows configuration/debug packets to be output from the
arrangement on the same side that they are input. This allows
the controller 915 to send and receive packets at a frequency
that 1s independent on the size of the array. To establish the

00p back, the first set of lines 2050, or a portion of these lines,
connects to the second set of lines 2055 1n the nghtmost
bottom tile.
V. Broadcasting

The configuration/debug network described above has the
ability to write data (e.g., configuration data sets or initializa-
tion data) simultaneously to various storage elements (e.g.,
various configuration cells or memory cells) in various dif-
terent tiles. This ability 1s highly advantageous for decreasing
the time for configuring configuration cells (1.e., storing con-
figuration data) or initializing memory cells 1n a configurable
IC.

FIG. 21 1llustrates a process 2100 that the configuration
controller 915 can perform to operate the configuration/de-
bug network 1n a broadcasting mode. As shown 1n this figure,
the broadcasting process initially sends (at 2105) a tile X
opcode that specifies the address (1.e., the x-coordinate or tile
type) of all tiles or a subset of tiles. At 2110, the process sends
atileY opcode that specifies the address (i.e., the y-coordinate
or tile type) of all tiles or a subset of tiles. The X and Y
opcodes together specity all the tiles or a subset of two or
more tiles.
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At 2115, the process sends a load address frame that pro-
vides an address that the addressed tiles need to store in their
address counters. This address 1s the address of resources
within each addressed tile to which data needs to be written.
Next, at 2120, the process sends a Write or Write Increment
frame that contains twelve bits that the addressed tiles need to
store 1n their resources that are located at the address stored 1n
their address counter. When the Write Increment frame 1s
sent, the addressed tiles increment the address 1n their address
counter after writing to the specified-address

After 2120, the process determines (at 2125) whether 1ithas
broadcasted all the required Write or Write Increment frames.
If so, the process ends. Otherwise, the process determines (at
2130) whether 1t needs to change the tile address for the next
write operation that 1t needs to broadcast. If so, the process
determines (at 2135) whether 1t needs to change the x-address
of the tiles to which i1t needs to broadcast. If 1t does, the
process returns to 21035 to send out another tile X frame. I 1t
does not need to change the x-address of the addressed tiles,

the process returns to 2110 to send out another tile Y frame.
From 2105 and 2110, the operation of the process 2100 1s as
described above.

When the process determines (at 2130) that it does not need
to change the tile address, the process transitions to 2140,
where 1t determines whether 1t needs to load a new address.
Typically, the process would not load a new address for the
same set of addressed tiles 1f 1ts previous write operation was
a Write Increment operation. If the process determines (at
2140) that 1t should load a new address, it transitions back to
2115 to send out a new Load Address frame. Otherwise, the
process transitions back to 2120 to send another Write or
Write Increment frame. From 2115 and 2120, the operation of
the process 2100 1s as described above.

V1. Streaming,

In some embodiments, all UDS elements of the config-
urable IC are available on the configuration/debug network
1400. Examples of such UDS elements are RCLs, memory
cells, and register cells, which connect to the configuration/
debug network through the circuit structures illustrated 1n
FIGS. 15-20. As the UDS elements are accessible through the
configuration/debug network, this network can be used to
access (read from or write to) the UDS elements i any
sequential or random access manner. Random access 1n this
context means that the UDS elements can be accessed
through the configuration/debug network and the data pack-
ets 1n any order desired by a user or debugger.

Moreover, as the UDS elements are accessible through the
configuration/debug network, this network can read out the
state (e.g., the value of the RCLs, the memory cells, register
cells, etc.) of the configurable 1C while the IC 1s operating.
This ability 1s ighly advantageous for performing debugging
during the operation of the configurable IC.

In some embodiments, the configuration/debug network
has a streaming mode that can direct various resources (e.g.,
UDS elements) in one or more configurable tiles to stream out
their data during the user-design operation of the configurable
IC at the user design operating frequency or faster. This
streaming data makes the debugging abilities of the config-
urable IC even more robust as 1t allows a large amount of
computed and configuration data to be output repetitively at a
very fast rate.

FIG. 22 1llustrates a process 2200 that the configuration
controller 915 can perform to operate the configuration/de-
bug network 1n a streaming mode. As shown 1n this figure, the
streaming process 2200 initially addresses (at 2205) a set of
tiles. The process can address such a set by sending a tile X
frame followed by a tile Y frame that identify one tile. Alter-
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natively, the process can address a set of two or more tiles by
sending a tile X frame that specifies a global type (in order to
enable the column selection circuit of each column) followed
by a tile Y frame that specifies the tile type or tile address that
identify the tile or tiles being addressed.

Next, the process 2200 sets (at 2210) the mask and merge
bits 1n the mask and merge registers of mask and merge logics
1550 and 2025 of the set of tiles addressed at 2205. The mask
and/or merge bits mask out the values that are read from the
UDS elements of the addressed set of tiles when this set does
not include any UDS element whose value has to be streamed
out during the streaming operation. Alternatively, when the
addressed set of tiles includes a particular set of user-design
states that needs to be streamed out, the mask and/or merge
bits do not mask out the values that are read from the UDS
clements that need to be streamed out.

At 2215, the process then provides a Load Address frame
that 1dentifies the resources 1n the set of addressed tiles (1.¢.,
the set of tiles addressed at 2205) that need be read during the
streaming mode operation at 2230 and 2235. The Load
Address provides the address (in the set of addressed tiles) of
the resources (e.g., UDS elements) that need to be read during,
the streaming mode. When the set of addressed tiles does not
include any UDS elements that are being read during the
streaming mode, the Load Address frame can provide the
address of any set of resources that need to be masked in the
set of addressed tiles.

After 2215, the process determines (at 2220) whether 1t
needs to set the mask and merger register values 1n any other
set of tiles. If so, the process returns to 2205, which was
described above. Otherwise, the process notifies (at 2225) all
tiles that the subsequent set of read operations are directed to
them. In some embodiments, the process so notifies the tiles
by sending a tile X frame that specifies a global type (1in order
to enable the column selection circuit of each column) fol-
lowed by a tile Y frame that specifies the global tile type. At
2225, the process also starts the user-design operation of the
IC. In some embodiments, the user-design operation of the IC
might have been commenced before the process 2200 of FIG.
22 even started. In other words, some embodiments allow
tiles to be configured or reconfigured for streaming after the
user-design operation of the IC has started. Various defini-
tions for starting the user-design operation of a configurable
IC are provided 1n Section X below.

At 2230, a Read frame 1s sent, which causes all tiles to read
the address locations specified by the addresses that were set
at 2215. This read out data 1s mnitially stored in the operand
field of the Read frame. While outputting this data, the tiles
mask and merge logic circuits 1550 and 2025 eliminate the
data bits that are supposed to be masked out from the data
stream that 1s streamed out of the tile arrangement. As further
described below, the data stream can stream into a trace butfer
that 1s outside of the tile arrangement but on the same IC die,
or 1t can stream 1nto a trace builer that 1s outside of the tile
arrangement and the IC die. As mentioned above, 1n some
reconfigurable embodiments, the merge register can be set
per each bit for each reconfiguration cycle to allow the merg-
ing operation to be defined per bit per each reconfiguration
cycle, while the mask register can be set per each reconfigu-
ration cycle to allow the masking operation to be defined per
cach reconfiguration cycle.

After 2230, the process determines (at 2235) whether 1t
needs to continue the streaming mode by sending another
Read frame in the next cycle. If so, another Read frame 1s sent
at 2230. In some embodiments, the process 2200 sends Read
frames through the configuration network at such a rate to
ensure that UDS data streams out of the IC at the user-design
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operational rate or faster, e.g., at the sub-cycle reconfigura-
tion rate 1n case of a sub-cycle reconfigurable IC. For
instance, 1 some embodiments, the configurable IC 1s a
reconfigurable IC that operates at 800 MHz to implement a
200 MHz user design with reconfigurable circuits that each
loop through four configuration data sets in each user design
cycle (1.e., that can reconfigure up to four times in four sub-
cycles associated with each user design cycle). In such an
embodiment, the process 2200 could send Read frames
through the configuration/debug network at a rate of 800
MHz to stream out UDS values at a rate of 800 MHz. In this
manner, the monitored UDS wvalues can be streamed out for
the four sub-cycles 1n each user design cycle, which thereby
provide the monitored UDS values for each user design cycle.
The Read frames are repeatedly sent out until a determination
1s made (at 2235) that the streaming mode should terminate.
At this stage, the streaming process ends.

VII. Trace Buiffer and Logic Analyzer

The streaming operation of the configuration/debug net-
work 1400 can be used to create a logic analyzer functionality
on the configurable IC. In some embodiments, a logic ana-
lyzer has three components: (1) sampling component, (2) a
capture component, and (3) a trigger component. The stream-
ing operation can serve as the sampling component of logic
analyzer. It can continuously provide samples of certain states
of the configurable IC during the IC’s operation.

An on-chip trace builer can perform the capture compo-
nent of the logic analyzer. FIG. 23 1llustrates an example of
such a trace butfer 2310. The trace buifer 2310 1s on the same
configurable IC die 2300 as the tile arrangement 1400 and
configuration controller 915. This builer receives the first set
of lines 2050 of the bottom bus 1450 of the configuration/
debug network 1400. As mentioned above, the lines 2050 1n
some embodiments are thirty-six bits wide, which allow the
trace buller to store thirty-six bits of streamed out data from
the tile arrangement 1410 on each clock cycle (e.g., each user
design cycle). When the tile arrangement 1s part of a sub-cycle
reconfigurable IC, the trace buffer can receive and store
thirty-six bits on each sub-cycle of the user design cycle. The
trace butler 1s a circular buifer that continuously stores the
data that it receives until instructed otherwise. When the trace
butiler become tull while recording, 1t will continue recording
by storing newly received data over the oldest data that 1t has
recorded at the time it recerves the new data.

The trigger component of the logic analyzer 1s performed
by a trigger circuit 2315 that communicates with the trace
buifer 2310. This trigger circuit 2313 analyzes the data as 1t 1s
being stored 1n the trace butfer. When the trigger circuit 23135
identifies a particular set of values or sequence of values that
have been stored 1n the trace butler, the trigger circuit directs
the trace butler to stop storing the data that 1s being streamed
out of the tile arrangement 1410. In this manner, the trace
builer will store a relevant subset of data that 1t recerved for a
certain time interval before 1t stored the trigger-event data that
the trigger circuit detected. After stopping the trace butler’s
recording, the trigger circuit in some embodiments directs the
configuration controller to stop the streaming mode operation
of the tile arrangement (e.g., to stop sending Read frames).

FIG. 24 illustrates a logic analyzer process performed by
the IC 2300 of some embodiments. As shown 1n this figure,
this process initially starts (at 2405) the streaming mode
operation of the IC. To do this, the process 2400 runs the
process 2200 of FIG. 22. Next, the process continuously
stores (at 2410) in the trace builer 2310 the data being
streamed out of the tile arrangement on lines 2050. Finally,
the process 2400 terminates (at 2415) the recording when the
trigger circuit detects the trigger event while 1t 1s continuously
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analyzing the data stored in the trace buffer. At 2415, the
process also directs the configuration controller to terminate
the streaming mode operation. At 24135, the process might
also set a tlag or generates a signal that signifies the detection
of the trigger event. This flag or signal 1s used 1n some
embodiments to interrupt the operation of the configurable IC
so that an external circuit can note and analyze the trigger
event. Alternatively, this flag or signal does not result 1n the
interruption of the operation of the configurable IC, but serves
to simply notify a user or another circuit of the need to analyze
or output the data 1n the trace builer at a later time.

The logic analyzer functionality of the configurable IC
2300 of FIG. 23 1s unique. Existing configurable ICs cannot
implement a logic analyzer functionality without altering the
user’s design. For instance, other configurable ICs take the
RTL (register transier language) description of the user’s
design and the RTL of a logic analyzer, and define a configu-
ration bit stream that configures the configurable I1C to 1imple-
ment the combined design and logic analyzer RTLs. This
requires the design to be changed. Also, if the right internal
nodes were not picked for tracking, a new configuration bit
stream needs to be generated to factor anew RTL for the logic
analyzer (which now examines different nodes) and the con-
figurable IC has to be configured again (1f possible) with the
new configuration bit stream. The configurable IC 2300 does
not need configuration data to be generated to implement the
logic analyzer functionality, as 1ts logic analyzer functional-
ity 1s built into the configuration/debug network. In addition,
the nodes that are analyzed for the logic analyzer functional-
ity 1n the configurable IC 2300 can be easily modified by
repeating the process 2200 and modifying (at 2215 of the
process 2200 of FIG. 22) the resources that stream out their
outputs.

FI1G. 24 conceptually illustrates the logic analyzer func-
tionality of some embodiments of the mnvention. Other
embodiments might implement this functionality differently.
For instance, FIG. 24 1llustrates a process where the detection
of the trigger event terminates the recording of the UDS data.
In other embodiments, however, the detection of the trigger
event starts the recording of the UDS data for a particular
interval of time or until the occurrence of another trigger
event. Also, 1n some embodiments, the occurrence of the
trigger event does not automatically start or stop the recording
of the UDS values. Instead, after the trigger even occurs 1n
these embodiments, the recording of the UDS values starts or
stops only if certain operational condition exists (1.e., only
under certain operational conditions). For 1nstance, in some
embodiments, the trigger event will cause the recording to
start or stop 11 a write signal 1s present on a particular bus that
1s being monitored.

The streaming mode operation can also be used 1n conjunc-
tion with trace butlers that reside outside of the configurable
IC. FIG. 25 illustrates one such trace buitfer 2510. Specifi-
cally, this figure 1llustrates a trace buffer 2510 that 1s not on
the same IC die 2500 as the tile arrangement 1410 and con-
figuration/debug controller 915. The advantage of placing a
trace bulfer off chip 1s that there are less restrictions on the
s1ze of the trace bufler when 1t 1s not on the same die as the
configurable IC. On the other hand, the disadvantage of plac-
ing a trace bulfer oif chip i1s that such a location consumes
some of the input/output resources of the IC. This consump-
tion 1s often ameliorated by routing fewer signals to the exter-
nal trace butler. For instance, while the trace butter 2310 of
FIG. 23 might receive thirty-six bits per each cycle, the trace
butter 2510 of FIG. 25 might receive a fraction of thirty-six

bits per each cycle.
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The on-chip or off-chip logic analyzer functionality 1s use-
tul for debugging (1.e., detecting faulty operations) of the
configurable IC. It 1s also useful for collecting statistical data
regarding the operation of the configurable IC. It 1s further
usetul for verilying correct operation of the IC.

VIII. Check Pointing

Another advantage of having all user states on the configu-
ration/debug network 1s that this availability allows the net-
work to perform checkpointing operations without altering
the state of the IC. FIG. 26 1llustrates a debugging process
2600 that uses the configuration/debug network of some
embodiments to perform checkpointing.

As shown 1n this figure, the process 1mmitially starts (at 2605)
the user-design operation of the IC. Next, the process stops (at
2610) the user-design operation of the IC after the IC has
operated a particular number of cycles. Section X provides
several different examples of starting and stopping user-de-
sign operations of the IC.

Through the configuration/debug network, the process
then retrieves (at 2615) the state of each UDS element (1.¢.,
RCL, memory cell, register cell, etc.) of the configurable IC.
The process accesses each UDS element by stepping through
the tiles one at a time (e.g., by using tile X and/or Y frames)
and successively reading sets of UDS elements in each tile
(e.g., by using Read or Read Increment frames). The process
2600 does not need to step through the tiles 1n any particular
manner, and instead can access the UDS elements 1n a random
access manner. In some embodiments, the process stores (at
2615) each retrieved state of the configurable IC 1n a memory
outside of the configurable IC.

After 2615, the process re-starts (at 2620) the user-design
operation of the IC. In re-starting the operation of the IC, the
inputs that the process provides to the IC are the inputs that the
IC 1s suppose to receive 1n the clock cycle that 1s after the
clock cycle that was last checkpointed (1.e., after the clock
cycle whose state was checkpointed at 2615).

At 2625, the process determines whether any error has
been encountered before reaching the next checkpointing
milestone. If not, the process stops (at 2630) the user-design
operation of the IC after the IC has operated another particular
number of cycles. Through the configuration/debug network,
the process then retrieves (at 2635) the state of each UDS
clement (1.e., RCL, memory cell, register cell, etc.) of the
configurable IC. The process accesses each UDS element by
stepping through the tiles one at a time (e.g., by using tile X
and/or Y frames) and successively reading sets of UDS ele-
ments 1n each tile (e.g., by using Read or Read Increment
frames). As at 2615, the process 1n some embodiments stores
(at 2635) each retrieved state of the configurable IC 1n a
memory outside of the configurable IC.

After 2635, the process determines (at 2640) whether 1thas
finished 1ts debugging operation. If so, the process ends. If
not, the process returns to 2620.

When the process encounters an error (at 2623) before
reaching the next checkpointing milestone, the process stops
the operation of the IC at 2645. At 2645, the process then uses
the configuration/debug network to load the last check-
pointed state of the configurable IC. In other words, the pro-
cess uses the configuration/debug network to write to the IC’s
UDS elements, such as 1ts RCLs, memory cells, register cells,
etc. Through the configuration/debug network, the process (at

2645) steps through the tiles one at a time (e.g., by using tile
X and/or Y frames) and successively writes to sets of UDS

clements 1n each tile (e.g., by using Write or Write Increment

frames).
After loading the last checkpointed state back into the
configurable IC, the process re-starts (at 2645) the user-de-
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sign operation of the IC under closer user scrutiny to identily
the bug. In re-starting the operation of the IC, the inputs that
the process provides to the IC are the mputs that the IC 1s
suppose to recerve 1n the clock cycle that 1s after the clock
cycle that was last checkpointed (1.e., after the clock cycle
whose state was loaded back 1nto the IC at 2645).

After 2645, the process transitions to 26350, where an
attempt 1s made to try to identify and resolve the bug (1.¢., the
mistake) that lead to the error. If the bug can be 1dentified and
resolved at 2650, the process (at 2635) computes a new con-
figuration bit stream and reloads this bit stream. From 2655,
the process returns to 2605 to re-start the debug operation. On
the other hand, when the bug cannot be identified and
resolved at 2650, the process returns to 2645 to reload the last
checkpointed state, or any of the checkpointed states belfore
the last one, and then returns to 2650, where another attempt
1s made to 1dentity the bug.

FI1G. 27 illustrates a debugger 2705 that directs the debug-
ging process 2600 of FIG. 26. In some embodiments, this
debugger configures the clock control circuitry 1n the clock
tree of the tile arrangement to stop after a predetermined
number of clock cycles. After the predetermined number of
clock cycles, the debugger then performs the process 2600 by
using the controller 915. The checkpointed data 1s stored in a
memory 2710 outside of the configurable IC 2700 (1.e., in a
memory that 1s not on the same dies as the IC) 1n some
embodiments. When a bug 1s encountered, the debugger loads
the last checkpointed state in the tile arrangement 1410
through the controller 915. It then resumes the configurable
IC’s operation 1n a more deliberate manner until the bug 1s
identified.

The checkpointing functionality of the configuration/de-
bug network 1400 1s unique. A traditional configurable IC
typically cannot implement a checkpointing functionality
without altering the state of the IC. For instance, an existing,
configurable IC allows the state of the configurable IC from
being scanned out, but in the process changes the state of the
IC. The checkpointing operation of the configuration/debug
network 1400 also does not require the reading out of the
configuration data to read the IC’s state values. The configu-
ration/debug network allows the UDS values to be check-
pointed without reading out the configuration data. Also, this
network allows the checkpointing of the UDS values for only
certain resources, parts or regions of the IC. In other words,

the checkpointing operations of some embodiments can be
conducted to checkpoint UDS values for only a portion of the
IC.
IX. Fast Configuration

Another advantage of the configuration/debug network
1400 1s that 1t allows the configurable IC or portions of 1t to be
configured very quickly. This 1s because this network 1s a
tully pipelined configuration network. The network 1s fully
pipelined as there are sets of synchronous storage elements
(e.g., registers) at the boundary of each horizontally and ver-
tically aligned tile. These sets of storage elements increase the
bandwidth through this network as they allow numerous and
successive frames to traverse through the tile arrangement at
the same time. In other words, 1t allows one frame to be sent
from the configuration/debug controller 915 on each clock
cycle. Therefore, unlike prior configuration networks of prior
configurable ICs, the speed of the configuration/debug net-
work 1400 1s independent of size of the tile arrangement.

The fast configuration rate enabled by the network 1400
has many advantages. One such advantage 1s that 1t allows for
new configuration bit streams to be loaded from outside of the
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configurable IC at a fast rate. This, 1n turn, allows function-
alities to be swapped 1n and out of the configurable IC at a fast
rate.

In fact, functionalities can be swapped for some parts of the
configurable IC while other parts of the configurable IC are
performing user-design operations. FIG. 28 illustrates an
example of this fast swapping of functionalities on the fly
(1.e., during the user-design operation of the IC). Specifically,
this figure illustrates a configurable 1C 2800 that 1s part of a
communication circuit 2830 (e.g., a router, a hub, a switch,
etc.). This IC 1s responsible for performing a number of
communication operations, mcluding TCP/IP communica-
tions, secure transport layer operations (SSL operations), etc.

The configurable 1IC 2800 has a configuration controller
915 and a configuration network (not shown) similar to those
described above. FIG. 28 conceptually illustrates that the
configurable I1C 2800 further includes at least three sets of
circuit blocks, which the configurable IC uses to perform SSL
operations. The three sets include a packet grabber 2805, a
packet processor 2815, and a set of encryptors/decryptors
2820. Even though FIG. 28 conceptually illustrates such
blocks, one of ordinary skill will realize that the configurable
IC might not perform each security operation by a set of
configurable resources that fits neatly within one contiguous
block. FIG. 28 simply 1llustrates contiguous blocks, however,
to convey the notion that different sets of resources within the
tile arrangement 1410 perform different security operations.

The packet grabber 2805 retrieves packets from the net-
work 2855 that the grabber 1dentifies as packets that need IC
2800 needs to process. The packet grabber stores each packet
in a memory 2810 for later retrieval by the packet process
2815. In some embodiments, the memory 2810 1s a volatile
system memory of the communication circuit 2850.

The packet processor 2815 retrieves packets stored 1n the
memory 2810 and directs the various resources of the con-
figurable 1C to process each retrieved packet. When a particu-
lar packet 1s encrypted, the packet processor 2813 determines
whether an appropriate decryptor 2820 (1.¢., a set of logic and
interconnect resources that have been configured to perform
the appropriate decryption algorithm) for the particular
encrypted packet 1s already loaded on the configurable IC. If
s0, the packet processor directs the 1dentified decryptor 2820
to decrypt the particular packet.

On the other hand, when the packet processor 2815 deter-
mines that the appropriate decryptor 2820 1s not loaded on the
IC, the packet processor 2815 directs the configuration con-
troller to load the appropriate decryptor onto the configurable
IC 2800 from a memory 2812 of the circuit 2830. In some
embodiments, the memory 2812 1s a non-volatile memory
that stores a number of different configuration bit streams for
different functionalities (e.g., different decryption opera-
tions) that the configurable I1C can perform.

Loading the appropriate decryptor 2820 means loading the
configuration data that configures a set of logic and routing
resources to implement the functionality of the desired
decryptor. To load such configuration data, the configuration
controller 915 has to obtain the appropriate configuration bit
stream from the memory 2812. As it recerves this bit stream,
the controller 915 formulates configuration packets and
routes these packets to the appropriate configurable resources
of the IC along the configuration/debug network 1400. Such
a load might involve a swapping of decryption functionality,
where a set of configurable resources that were configured to
serve as one decryptor are configured again to serve as
another decryptor.

For mnstance, the configurable IC 2800 might be configured
to perform an RC4 decryption algorithm to decrypt secured
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network communications. The packet processor 2815 might
at some point detect that another cipher, such as an AES
cipher, 1s needed to decrypt a packet. If this other cipher 1s not
already loaded on the configurable IC, the packet processor
2815 directs the configuration controller 915 to load a new bat
stream that configures the IC to perform the decryption opera-
tion for the new cipher, e.g., the AES cipher. I the config-
urable IC does not have suflicient resources for the new
cipher, the configuration controller might swap out the RC4
cipher and load the new cipher (e.g., the AES cipher) in 1ts
place (1.e., might load configuration data that would configure
the set of configurable resources that were configured to serve
as RC4 decryptor to serve as the other decryptor).

The above described configuration network allows the con-
figuration controller 915 to load 1n new configuration data for
one set ol configurable resources while other configurable
resources of the IC 2800 are performing user-design opera-
tions. For instance, 1in the above example, while the configu-
ration controller 915 1s loading the configuration data that
configures one set of circuits to implement the AES decryp-
tion cipher, the packet grabber 2805 of the IC can continue
grabbing packets and storing them in the memory 2810.

The high speed of this network allows the controller to load
the new configuration bit stream very quickly. The ability to
load different functionalities on the fly 1s quite advantageous
in this network context as 1t allows for a smaller (and hence
less expensive) configurable IC to handle a diverse traffic mix
on a commumnication network. The IC can be smaller because
it does not need to store all the functionalities (1.e., all the
configuration data) that 1t might need at runtime, as 1t can
swap 1n functionalities (1.e., configuration bit streams) rather
quickly through 1ts configuration/debug network.

X. Starting and Stopping User-Design Operation of the IC

The above-described configuration network allows a con-
figurable IC to recerve a configuration bit stream that config-
ures the IC to implement a particular user design. A user
typically uses a set of software tools to define the configura-
tion data stream that configures the IC (1.e., configures the
configurable circuits of the IC) to implement the user’s par-
ticular user design.

When mmplementing a particular user design, a config-
urable IC performs user-design operations that allow the IC to
implement the particular user design 1n a circuit or device.
During such user-design operations, the configurable IC (1)
can recerve user-design iput data, which are neither configu-
ration signals nor clocking signals, and (2) can process these
signals to implement the particular user design 1n a circuit or
device. Accordingly, in some cases, a configurable IC per-
forms user-design operations when 1t receives and processes
user-design input data and provide user-design output data.
For mstance, when the configurable 1C performs user-design
operations, 1ts configurable logic circuits in some cases can
receive user-design mput data, compute functions based on
the user-design input data, and output their results to other
circuits 1nside or outside of the IC. In other contexts, a con-
figurable IC might implement a user design that simply
directs the IC to generate output without receiving any user-
design 1nput.

When a configurable IC performs user-design operations,
its circuits typically recerve clocking signals that allow them
to process user-design signals. Examples of such clocking
signals include (1) clocking signals applied to input/output
butler circuits that allow these circuits to recerve and output
user-design data, (2) clocking signals applied to the config-
urable logic circuits that allow these circuits to compute user-
design functions, and/or (3) clocking signals applied to the
IC’s configurable interconnect circuits that allow these cir-
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cuits to perform user-design connection operations. In case of
a reconfigurable IC that has reconfigurable circuits that
receive different configuration data sets loaded on the IC, the
clock signals can also include clock signals that allow the
reconiigurable circuits to step through the different configu-
ration data sets.

In some embodiments, the user-design operation of the IC
stops when the IC stop recerving user-design input data and/
or stops providing user-design output data. The user-design
operation of the IC stops 1n some embodiments when the
clock signals that allow the configurable circuits to process
user-design data are stopped (e.g., are maintained at a par-
ticular level). In case of a reconfigurable IC that has recon-
figurable circuits that receive different configuration data sets
loaded on the IC, stopping the clock signals can prevent the
reconfigurable circuits from stepping through the different
configuration data sets.

While the invention has been described with reference to
numerous specific details, one of ordinary skill 1n the art wall
recognize that the invention can be embodied in other specific
tforms without departing from the spirit of the invention. For
instance, several embodiments were described above by ret-
erence to particular number of iputs, outputs, bits, and bit
lines. One of ordinary skill will realize that these values are
different 1n different embodiments. Thus, one of ordinary
skill 1n the art would understand that the invention 1s not to be
limited by the foregoing illustrative details, but rather 1s to be
defined by the appended claims.

What 1s claimed 1s:

1. A configurable integrated circuit (IC) comprising:

an array of configurable circuit tiles arranged in rows and

columns, wherein each particular configurable circuit
tile 1 the array of configurable circuit tiles recetves at
least one configuration data set for specifying a particu-
lar operation for that particular configurable circuit tile
to perform, wherein configuration data 1s loaded from
the outside of the IC for configuring a second set of
configurable circuits while the IC operates and while a
first set of configurable circuit tiles performs a first set of
operations; and

a configuration network 1n the array of configurable circuit

tiles for rapidly loading the configuration data 1n the IC
from outside of the IC, wherein the configuration net-
work 1s a pipelined network.

2. The configurable IC of claim 1, wherein the configura-
tion network 1s separate from a data routing network for
routing data between the configurable circuit tiles during the
operation of the IC.

3. The configurable IC of claim 1, wherein the pipelined
configuration network is for concurrently carrying multiple
confliguration instructions for multiple configurable circuit
tiles.

4. The configurable IC of claim 1 further comprising a
configuration controller for retrieving configuration data
from outside of the IC, formulating configuration data sets,
and routing the configuration data sets to the second set of
configurable circuit tiles over the configuration network.

5. The configurable IC of claim 1, wherein the configura-
tion data 1s loaded from a non-volatile memory outside of the
IC.

6. A method of operating a configurable integrated circuit
(IC), comprising:

loading first and second configuration data sets for config-

uring first and second sets of configurable circuits 1n an
array ol configurable circuits, wherein the first and sec-
ond sets of configurable circuits have respective x-coor-
dinates and y-coordinates, and wheremn the first and
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second configuration data sets are routed to the first and
second sets of configurable circuits based on the respec-
tive x-coordinates and y-coordinates of the first and sec-
ond sets of configurable circuits;

operating the configurable IC based on the first and second
confliguration data sets; and

while the configurable IC operates and the first set of con-
figurable circuits operates based on the first configura-
tion data set, loading a third configuration data set for
changing the configuration of the second set of config-
urable circuits.

7. The method of claim 6, wherein the loading of the
configuration data sets 1s accomplished through a configura-
tion network for rapid loading configuration data 1n the IC
from outside of the IC.

8. The method of claim 7, wherein the configuration net-
work 1s separate from a data routing network for routing data
between the configurable circuits during the operation of the
IC.

9. The method of claim 7, wherein the configuration net-
work 1s a pipelined network.

10. The method claim 9, wherein the pipelined configura-
tion network 1s for concurrently carrying multiple configura-
tion instructions for multiple configurable circuits.

11. The method of claim 7 further comprising:

retrieving configuration data from outside of the IC,

formulating configuration data sets, and

routing the configuration data sets to the second set of
configurable circuits over the configuration network.

12. The method of claim 6, wherein the configuration data
1s loaded from a non-volatile memory outside of the IC.

13. A configurable integrated circuit (IC) comprising:

an array of configurable circuit tiles arranged 1n rows and
columns, the array comprising:

a top row of configurable circuit tiles each having a first
circuit arrangement;

middle rows of configurable circuit tiles each having a
second circuit arrangement that 1s different from the
first circuit arrangement; and

a bottom row of configurable circuit tiles each having a
third circuit arrangement that 1s different from the first
and second circuit arrangements;

a configuration network for loading configuration data in
the IC from outside of the IC, wherein the configuration
data configures the configurable circuit tiles to perform
particular operations.

14. The configurable IC of claim 13, wherein each config-
urable circuit tile 1n the top row of configurable circuit tiles
COmprises:

an 1put data path that recerves the configuration data;

a tile decoder that selectively routes configuration data
based on a detected opcode;
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first and second storage elements interposed 1n the data
path;

a memory block that receives an output of the second
storage element; and

masking logic that performs masking operations on the
output of the memory block based on masking data
stored 1n a mask register.

15. The configurable IC of claim 14, wherein each config-

urable circuit tile 1n the top row of configurable circuit tiles

turther comprises:

a first output data path that routes the configuration data to
an adjacent configurable circuit tile 1n the top row of
configurable circuit tiles; and

a second output data path that routes at least a portion of the
conflguration data to an adjacent configurable circuit tile
in the middle rows of configuration circuit tiles.

16. The configurable IC of claim 13, wherein each config-
urable circuit tile 1n the middle rows of configurable circuit
tiles comprises:

an input data path that receives the configuration data from
the top row of configurable circuit tiles;

a memory block that receives an output of the second
storage element; and

masking logic that performs masking operations on the
output of the memory block based on masking data
stored 1n a mask register.

17. The configurable IC of claim 13, wherein each config-
urable circuit tile in the bottom row of configurable circuit
tiles comprises:

first, second, and third mput data paths, wherein the first
input data path receives data from a configurable circuit
tile in one of the middle rows of configurable circuit
tiles;

first and second output data paths;

a first storage element interposed 1n the first input data path;

a second storage element 1interposed in the first output data
path;

a third storage element interposed between the second
input data path and the second output data path.

18. The configurable IC of claim 17, wherein each config-
urable circuit tile 1n the bottom row of configurable circuit
tiles comprises:

a memory block that receives an output of the first storage

element;

masking logic that performs masking operations on the
output of the memory block based on masking data
stored 1n a mask register; and

a merging circuit that merges a first set of data received
from an output of the first storage element and a second
set of data recerved from the third input data path.
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